One of the primary, but tedious, tasks for the user and developer of an optical 3D-measurement system is to find the homologous image points in multiple images, a task that is frequently referred to as the correspondence problem. Along with the solution, error-free correspondence and accurate measurement of image points are of great importance, on which the qualitative results of succeeding camera calibration and 3D-measurements are immediately dependent. In fact, the automation of measurement processes is getting more important with progresses in production, and hence, is of increasing topical interest. In this paper, we present a circular coded target for automatic image point measurement and identification. The applied image processing method will be described in detail, and we will show some application examples of the circular coded target to optical 3D-measurement techniques.
Introduction
At the moment, basic software and hardware components that are capable of constructing an optical 3D-measuring system are available on the market, providing numerous combinations of measurement principles and methods, thus making the construction of a special or general purpose measuring system possible. Along with software and hardware components, any point target for 3D-measurement is also considered as a part of the measurement system, because the overall measuring performance and the resulting accuracy levels are directly linked to the quality of the image point determination. In addition, a high-level automation of the measuring process, especially of the image point determination and identification, is desirable for the industrial application of optical 3D-measurement techniques. In order to make the aim of this paper clear, we consider 3D-point measurement (3D-triangulation) by stereo imaging, in which we like to determine the 3D-coordinates of the object points from the given two images (Fig. 1) . A 3D-point is the intersection of the two observation rays drawn from the camera projection centers through the homologous image points of the object point. Thus, for the purpose of 3D-triangulation we need the camera parameters of the two images and the homologous image points of the object point. The homologous image points are to be acquired with the method of image processing, and the camera parameters are to be determined through an analysis of the coordinates of the homologous image points of some object points (camera calibration). Our paper is aimed at the acquisition of the homologous image points (i.e. solving the correspondence problem) using the coded targets detected and identified in the images without orientation information. Of course, if the image orientations are a priori known (e.g. through camera calibration), the correspondence problem can be solved by using epipolar constraints. However, in many applications, the image orientations are unknown and must be determined through a camera calibration. Really, determining the image points, and solving the correspondence problem, are the main time-consuming tasks of 3D-measurement and camera calibration for a measurement project with a large number of images taken with unknown camera parameters. Provided that the correspondence problem is solved, the rest of the procedures for camera calibration and 3D-point determination can be automatically carried out.
In recent years, the demand for a coded target guaranteeing automatic, errorfree correspondence and accurate image point measurement, has been dramatically increased. [8] [9] [10] [11] [12] 14, 19, 21, 22 Until now, some coded targets have been accepted more or less for the automation of optical 3D-measurement (Fig. 2) . 8, 9, 11, 12, 14, 17, [19] [20] [21] [22] Except for the first two, the coded targets in Fig. 2 were developed for the purpose Circular Coded Target for 3D-Measurement and Camera Calibration 907 . All of these coded targets have narrow or cornering geometric features. If the quality or the resolution of the target image is low, or if the lighting condition is unfavorable (e.g. through the projection of a random pattern), the coding information gets destroyed as long as it is being obtained from the change of the image gray values, and an error-free decoding of the coded target will be difficult. To realize fully automatic 3D-measurement procedures, and accurate image point measurements, we have developed a new circular coded target having only circular elements and circular arrangements (Fig. 3) . 2 A circular disc will always be imaged as an ellipse under central projection, and in comparison with other geometric form elements, it is robust against image degrading processes (e.g. defocusing, or changing of the imaging distance and angle). The size and form of the circular coding elements are especially compact, making the overall size of the circular coded target as small as possible. The coding information is to be obtained through an analysis of the positions of the coding elements around the central point mark in binary image, thus, it remains relatively undisturbed by an image degrading process, compared with the coded targets in Fig. 2 , whose coding information is to be obtained through an analysis of the image gray value changes along a given sampling path. Because all of the geometric elements and arrangements are circular, the circular coded target is well distinguishable in a natural scene, and only a few simple image processing algorithms (e.g. binarization, form factor analysis and ellipse fitting) are to be applied. We have found great acceptance from the industry, even in the toughest application of the circular coded target with a superimposed random pattern. 4, 13, 15 In the current paper, we intend to describe the geometric construction of the target, its image processing and its application to the optical 3D-measurement method.
Geometric Construction of the Circular Coded Target
Out of consideration for robust and reliable image processing, the target is geometrically constructed only of circular elements (i.e. circular point mark, circular coding points, and circular background plate (Fig. 3) ). The superiority of the circular object target over other geometric features, for the purpose of image point measurement, is also reported in the literature. 7 The identification number of the target is coded down into the circular arrangement of the coding points around the point mark. Additionally, the size and arrangements of the coding points around the point mark are also geometrically prescribed [Figs. 4(b)-4(e)]. We have fully utilized all these geometric absolute/relative constraints on the target construction with image processing, and have achieved very robust and reliable image point measurements and identifications. If the size of the point mark becomes a matter of 3D-measurement accuracy, because of the eccentricity errors resulting from the central projective imaging of the circular object, we select the appropriate diameter of the point mark, guaranteeing reliable and accurate image point determination.
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Instead of the point mark, we can also treat the background plate, or the additional centering mark in the middle of the point mark, as the measuring object. As a result, a wide range of imaging distances will be allowed.
Image Processing for the Circular Coded Target
To minimize the necessary computing costs, binary image processing is preferably applied here, except for the subpixel accurate edge detection of the contour points of the point mark. From the gray image we can accurately determine the image point of the point mark, and from the binary image we reliably extract the code information. First, we know from the given imaging conditions the approximate size of the image ellipse of the used point mark [ Fig. 4(a) ], assuming that an image ellipse is the projection of an object circle onto the image plane. In addition, such an image ellipse is a relatively compact image feature for a natural scene, where the compactness can be represented by the form factor as below:
The form factor has a minimum value of 1 by a circular disc, and is greater than 1 for all other geometric features. For an ellipse, the image of an object circle, the form factor increases with the imaging angle monotonously and moderately up to . Here, we assumed that the discretized contour of a circular image object could be approximately represented as a regular polygon. We conclude that the effect of discretization will be negligible if the size of an image object is larger than 5 pixel in diameter.
If we were to put bounds to the size and form factor of an image object according to the results in Fig. 5 , we can detect all point mark candidates in the image plane [ Fig. 4(a) ] whose validity will be individually qualified in the subsequent . After a proper coordinate transformation, with an inverse affine transformation, by using the five ellipse parameters of the point mark, we may obtain the reconstructed coded target (Fig. 6 ): A valid coding point must find itself in a ring shaped zone around the point mark . Through certification and interpretation of the arrangement of the coding points, we will get the identification number of the target. A simplified workflow of the image processing for the circular coded target is given in Fig. 7 . The resulting image coordinates of the point targets, together with their identification numbers, will be used for the subsequent camera calibration and 3D-point measurement.
For an accurate image point determination of the point mark, and for a reliable rearrangement of the coding points around the point mark [see also Eq. (2)], an accurate estimation of the five ellipse parameters (e.g. ellipse fitting) of the image point mark is inevitable. Here we have applied a geometric ellipse fitting, 3 which has the objective function of the orthogonal error distances, and results in an unbiased optimal parameter estimation. Additionally, a forced orthogonal edge detection is applied to the contour of the point mark by using the ellipse parameters from a preceding ellipse fitting to the pixel accurate contour points (Fig. 8) .
1 As a result, robust and meaningful edge detection is made possible also in a very noised image (e.g. image of the coded targets with a superimposed random pattern).
In this paper, we have applied a three-step procedure to the detection and fitting of the target contour. In the first step, we extract the target contour points from binary image and apply an ellipse fitting to these pixel accurate contour points. In the next step, subpixel accurate contour points will be obtained through forced edge detection in gray image along the orthogonal path to the estimated ellipse (Fig. 8) . As a result, the succeeding ellipse fitting will be more reliable and accurate than the preceding one to the pixel accurate contour points. The length constraint on the image interpolation path keeps the edge detection from straying away with an image of low quality. In the final step, ellipse fitting to these subpixel accurate contour points will be applied where the image gradient information across the boundary of the image ellipse can be used as the weighting values of the individual contour points with ellipse fitting. If the accuracy level demanded by the camera calibration and/or by the 3D-measurement is not high, only the first step with an algebraic ellipse fitting 6 to the pixel accurate contour points could be carried out alone. For a high-accuracy measurement project, all three steps, including the geometric ellipse fitting 3 to the subpixel accurate contour points, are recommended. 
Applications to Optical 3D-Measurement and Camera Calibration

Standard optical 3D-measurement with stereo or multiple imaging
In general, in order to estimate the parameters of a system, some observations must be made by all system components whose parameters are essentially involved in the functionality of the system. Given the system model, the model parameters can be estimated through an analysis of the observations. In the case of stereo, or multiimaging vision systems, several widely accepted system models (camera model) and system parameter estimation (camera calibration) algorithms are already available. What we have yet to do is determine the homologous image point coordinates for some given object points (Fig. 1) . As the simplest application example, this task can be taken over by the circular coded target and its image processing (Fig. 9) . 
Random pattern projection method
A more difficult but very successful industrial application of the circular coded target is the camera calibration for the random pattern method. 13, 15, 18 The hardware setup of the measuring system is comprised of two high-resolution CCD cameras (e.g. Kodak DCS 460 with image format of 3072×2048 pixel) and a random pattern projector (Fig. 10) . The projector distinctly marks the object surface, and the two cameras simultaneously capture the patterned object surface, hence providing a stereoscopic view of the scene. For the purpose of the surface point measurement through image correlation and triangulation, the camera parameters at the moment of the stereoscopic imaging of the patterned object surface should be estimated. This means that both the object targets for the camera calibration and the patterned object surface for the image correlation are to be imaged at the same time in each image [ Fig. 11(a) ]. The camera parameters will be estimated through an analysis of the image coordinates of the coded targets (camera calibration). Then with the known camera parameters, the image correlation of the patterned object surface can be effectively carried out using the epipolar constraints, and we will obtain the two observation rays for each 3D-point on the object surface.
Simultaneous imaging of the targets and patterned object surfaces is the only secure method providing the camera parameters at the moment of the image capturing of the patterned object surface. Of course, we can capture the object surface with coded targets in two separate steps, with and without random pattern projection. However, we cannot always exclude a movement of the camera, and/or of the measurement object, during the two-step image capturing. Furthermore, considering a measurement project with a large number of image capturing, the memory cartridge Circular Coded Target for 3D-Measurement and Camera Calibration 915 of the hand-carried digital camera has only a limited frame capacity. Image capturing should be carried out as quickly as possible, and loading of a new memory cartridge during a measurement project must be prevented in order to not only save the overall measuring costs, but also guarantee the stability of the intrinsic parameters for all captured images. More detailed descriptions of the system construction and the measurement principle are given in Refs. 13, 15 and 18. We describe in detail the image processing strategy used for detecting the circular coded targets in the image superimposed with the random pattern. The constraints on the target geometry (as described in Secs. 2 and 3) play an important role and guarantee a reliable object detection and identification. First, to locate the target image areas, we have searched for the circular background plates in the binary image [ Fig. 11(b) ], taking advantage of the size effect of the background plates over the point mark. The optimal binarization for a group of image ellipses could be characterized by the compactness of each image object and by the object detection rate. We have investigated some cumulative compactnesses as the performance indexes for the image binarization:
where F i is the form factor, and A i is the area of an individual image object. By the binarization of the gray image with some target background plates [ Fig. 11(a) Normalized performance index Normalized performance index and C 4 distinguishes the thresholding values very well. C 3 and C 4 increase very fast, as the form of each image object is similar to a circle (i.e. F i ≈ 1). The binary images of Figs. 12(c) to 12(h) confirm the validity of C 3 and C 4 as the performance indexes of the binarization with regard to the extraction of the circular targets in an image. The optimal thresholding value (e.g. about 66 for Fig. 11(a) ) can be searched by using the coarse-to-fine strategy in combination with the initial starting value provided from a histogram analysis. Once the image area for a target is localized [ Fig. 11(c) ], we apply a local image processing to the small image window [Figs. 11(d)-11(g) ]. Here, we use the cumulative compactness C 4 for an optimal binarization of the coding points and the point mark. Only the image objects satisfying the object criteria for coding points and point mark are to be summed up in C 4 of Eq. (3) [Figs. 4(a)-4(c) ]. If two or more coding points are merged together into a larger one through a low thresholding value, the resulting image object is too large and/or too complex and may not be accepted as a valid coding point, and C 4 will have a smaller value. In comparison to C 3 , the weighting through the object area in C 4 forces coding points to be binarized as large as possible. In other words, if a coding point is too small, or removed from the binary image through a high thresholding value, C 4 will again have a smaller value. As a result, we acquire clear and well separated/positioned coding points around the point mark in the binary image [Figs. 11(e) and 11(f)], from which a reliable decoding of the code information will be made possible.
Summary
Alongside the accuracy and stability of measurement results, automation of measurement procedures is indispensable for the future industrial application of optical 3D-measurement techniques. In this paper, we have presented a new circular coded target, its image processing and its application to the optical 3D-measurement method. The programmable arrangement of the coding points provides the adaptability of the target for all possible measuring tasks occurring in practice. The special geometric construction of the target, and the proper image processing, make possible an accurate and reliable image point measurement and identification. The outstanding performance of the circular coded target originated from the fact that it is comprised only of circles, i.e. circular point mark, circular coding point, circular background disk, and circular arrangement of the coding point around the point mark. A circle will be projected as an ellipse in the image plane, and an ellipse is a relatively compact image object. From the geometric design to the image processing of the circular coded target, we have utilized all these geometric natures of a circle as concerning to projective imaging. The circular coded target is successfully integrated in a commercial digital photogrammetric system for surface reconstruction with random pattern projection. 15 Furthermore, we expect a wide acceptance of the proposed coded target with industrial applications with regard to accuracy, reliability and the automation of the 3D-measuring task.
